The material design tailoring of a synergistic effect of an in-situ nano secondary phase formation and deformation-induced nanocrystallization for improving the mechanical strength and ductility, has been investigated in Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x bulk metallic glasses (BMGs). As-cast Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x (x ¼ 5{17:5) BMGs have significant ductility in compressive deformation, which is attributed to deformation-induced dynamic nanocrystallization. The 10 at% Pd-containing BMG with a low volume fraction of the quasicrystalline (QC) phase of less than 6% exhibits increases in strength and Young's modulus, in addition to a remaining plasticity of $5%, compared with the monolithic glassy alloy. Such improvements in the mechanical properties originate from the combination of two effects of in-situ homogeneous nano-QC formation and deformation-induced inhomogeneous nanocrystallization. The present method should be regarded as a new technique for the production of BMGs with high strength and good ductility.
Introduction
Bulk metallic glasses (BMGs) are considered to be exceptional structural materials owing to their attractive mechanical properties, such as a high strength approaching the theoretical value, high elastic energy storage per unit volume, high hardness, low mechanical damping and high fracture toughness. 1, 2) The materials, however, generally exhibit poor room-temperature ductility, which prevents them from being used in some engineering applications. Nevertheless, recently, there have been a number of works reporting BMGs or BMG composites with improved ductility. Explanations for the origin of ductility were proposed: (1) a large Poisson's ratio, 3) (2) the presence of heterogeneity and/or short-/medium-range order, 4, 5) (3) liquid-liquid phase separation, 6) (4) large free volume, 7, 8) (5) introduced porosity, 9 ,10) (6) introduced in-situ secondary phase 11, 12) or ex-situ foreign particles, [13] [14] [15] and (7) crystallization during deformation. [16] [17] [18] [19] In most cases, improved mechanical properties were achieved by applying one method but little was reported about the synergistic effect of two or more of the factors mentioned above on the development of the mechanical properties of BMGs.
In this work, we attempt to tailor the alloy design and synthesis for the combination of two factors, the in-situ nano secondary phase formation and dynamic nanocrystallization during deformation in BMGs. We have already reported a significant plasticity owing to the deformation-induced dynamic nanocrystallization in the Zr 65 Al 7:5 Ni 10 Pd 17:5 BMG.
16) The Zr-Al-Ni-Cu-Pd metallic glass is also a wellknown nano-quasicrystalline (QC) phase-forming alloy prepared by static annealing near its crystallization temperature, and a considerable improvement of mechanical strength is achieved by nano-QC formation in the glassy matrix. 20, 21) In the present paper, we have investigated a new approach for the development of BMGs through the combination of static and dynamic structure control and succeeded in forming a new BMG with high strength and good ductility. Based on the obtained results, we propose a new technique for the development of BMGs using the synergistic effect by the optimization of alloy design and structure control.
Experimental Procedure
Master ingots of Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x (x ¼ 0, 5, 10, 12.5, 15, 17.5 at%) alloys were prepared by arc melting mixtures of pure elements (99.9 mass% Zr, 99.99 mass% Al, 99.9% Ni, 99.99 mass% Cu and 99.9 mass% Pd) in an argon atmosphere. Glassy rods 2.5 mm in diameter and 50 mm in length were fabricated by copper-mold casting, applying an ambient Ar atmosphere pressure in the casting chamber in order to suppress the precipitation of the QC phase.
22) The glassy nature of specimens was verified by X-ray diffractometry (XRD) with Cu-K radiation. Thermal stability of specimens was examined by differential scanning calorimetry (DSC). For the compressive test, cylindrical specimens with the dimensions (diameter Â length) of 2:5 Â 5 mm were prepared from the glassy rods, and some of them were subjected to pre-annealing in a vacuum atmosphere. The compressive test was performed on 6-10 specimens at room temperature at the strain rate of 5 Â 10 À4 s À1 using an Instron-type mechanical testing machine. To avoid the geometry effect on the deformation behavior, 23) both ends of the specimen surfaces were polished carefully prior to the test so that they were parallel to each other and perpendicular to the compression axis. The fracture morphology was examined by scanning electron microscopy (SEM) with an accelerating voltage of 20 kV. The microstructure of assolidified and as-annealed specimens and their fracture surfaces was observed by transmission electron microscopy (TEM) using a field-emission-type microscope (JEOL, JEM-3000F) with an accelerating voltage of 300 kV.
Results
3.1 Thermal stability and mechanical properties of ascast Zr-Al-Ni-Cu-Pd BMGs Figure 1 shows typical DSC curves of the glassy Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x (x ¼ 0, 5, 10, 12.5, 15, 17.5 at%) alloys. The x ¼ 0 alloy exhibits a single exothermic peak in addition to a large supercooled-liquid (SCL) region of ÁT x ¼ 104 K (ÁT x ¼ T x À T g , where T x and T g are the crystallization and glass-transition temperatures, respectively). In fact, this is a well-known highly glass-formable Zr-based alloy developed in the last decade. 24) The exothermic peak belongs to the decomposition of glass into stable crystalline phases, i.e., Zr 2 Cu, Zr 2 Ni, Zr 2 Al 3 and ZrNi. 21) Partial substitution of Cu with Pd leads to a decrease of ÁT x from 104 K (in the x ¼ 0 alloy) to 68 K in the x ¼ 5 alloy. In addition, the single exothermic peak after the SCL region splits into two-stage exothermic ones in the Pd-containing alloys. The first peak corresponds to the precipitation of a nanoscale icosahedral QC phase from the glassy phase, while the second one corresponds to the decomposition of the nano-QC to stable crystalline phases, such as tetragonal-Zr 2 Ni, Zr 2 Cu and Zr 2 Al 3 .
21) Increasing x to 10 at% makes the SCL state much less stable as ÁT x decreases to 48 K, and this value does not change so much (in the range of 40-48 K) when x ¼ 10{17:5 at%. A conspicuous change is seen in the temperature span between the first and second exothermic peaks; the peak-temperature span apparently widens with increasing x, indicating that the first exothermic reaction or precipitation of the nano-QC phase is stabilized upon Pd addition. Figure 2 displays engineering stress-strain (S-S) curves of the as-cast Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x BMGs. The mechanical properties, together with the thermal properties, are summarized in Table 1 . It is clear that the yield strength ( y ) and Young's modulus are in the range of 1500-1600 MPa and 84-86 GPa, respectively, and do not greatly vary among the alloys. The compressive plastic strain (" p ), however, is clearly different between Pd-containing and non-Pd-containing alloys, as it is only $1:4% for the x ¼ 0 alloy but becomes 5-7% in the x ¼ 5{17:5 alloys. A different feature in the fracture morphology is also seen between the samples exhibiting slight and large plasticity. Typically, fine vein patterns and multiple shear bands are observed in the SEM images of the fracture and lateral surfaces of the samples exhibiting large plasticity, as shown in Figs. 3(c)-(f), i.e., in the x ¼ 5 and x ¼ 10 alloys. On the other hand, the vein pattern in the fracture surface of the x ¼ 0 alloy (low Pd content, x (at%) T g : glass transition temperature; T x1 , T x2 : onset temperature of the 1st and 2nd crystallization peaks ÁT g ¼ T x1 À T g ; y : yield strength; max : maximum strength; E: Young's modulus; " pl. : plastic strain plasticity) is relatively rough ( Fig. 3(a) ) and almost no evidence of multi-shear-band interaction was observed in the lateral surface ( Fig. 3(b) ). )), suggesting that no microstructural change is detected during deformation. In contrast, a unique microstructure consisting of a nanoscale ''band-like'' pattern is observed in the HREM images of the x ¼ 5, 10 and 17.5 alloys. The SADPs taken from each sample contain some diffraction spots, which indicate a microstructural change from the fully amorphous structure during deformation. A magnified HREM (Fig. 4(i) ) image taken from the fracture surface of the x ¼ 5 alloy (shown in Fig. 4(c) ) reveals the existence of some nanoparticles (denoted as ''NC'') with diameters of 5-10 nm in the dark region of the band-like structure, while a typical homogenous maze contrast of the glassy phase is observed in the bright region. Similar images consisting of nanocrystalline particles in the dark region and homogeneous glassy structure in the bright region are confirmed in other fractured BMGs with x ¼ 10 and 17.5. Considering the direction of TEM observation, the shear band would propagate in the direction of arrow indicated in Fig. 4(g) . The nanoparticles are identified as the metastable fcc-Zr 2 Ni phase from the nanobeam diffraction (NBD) pattern shown in Fig. 4(j) . An enlarged image of the ''NC'' region involves two fringe contrasts with spacings of 0.187 nm and 0.239 nm in Fig. 4(k) , corresponding to the (622) and (333) interplanar spacings of fcc-Zr 2 Ni, respectively. The fcc-Zr 2 Ni phase is known to be a unique structure containing the distorted icosahedral cluster in the large unit cell with the lattice parameter of approximately a ¼ 1:23 nm. 25, 26) The mechanical properties, particularly the plasticity, of the Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x BMGs certainly correlate to the microstructural change observed between the as-cast and the deformed states. As the structure remains glassy (thus, no structural changes) during deformation, the x ¼ 0 alloy exhibits slight plasticity accompanying a typical catastrophic failure of metallic glass. On the other hand, the distinct plasticity in the x ¼ 5{17:5 alloys is suggested to originate from the inhomogeneous crystallization of the glassy phase during deformation. With the propagation of the shear band associated with localized viscous flow, structural segregation and transformation are induced owing to the rise of local temperature 27) or the change in the chemical short-range order (CSRO) in the metallic glasses in the less stable supercooled liquid state. The precipitation of NC particles suppresses further shear-band propagation, resulting in the arrangement of nanocrystals along with the stationary shear band. The stress concentration in the surroundings of the NCbands activates a new shear band nucleation, and nanocrystallization occurs again during its propagation. This repeating process is tracked as the NC-band-like structure in the fracture surface of a deformed sample by TEM observation. The interaction of multiple shear bands generated as a result of the deformation-induced NC prevents the premature failure of the specimen and, thus, large plasticity is achieved. Finally, we confirm a tendency that the width of NC band and the distance between NC bands decrease with an increase of Pd concentration, which suggests a correlation between the behavior of the present deformation-induced nanocrystallization and the stability of supercooled liquid state in the alloys. However, the morphology of NC bands would not significantly affect the mechanical properties.
Deformation-induced nanocrystallization: origin of plasticity

Mechanical properties of in-situ nano-QC formed
Zr-Al-Ni-Cu-Pd BMGs It is well known that nano-quasicrystals form as a primary phase during the devitrification of the glassy phase in the Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x alloy system. 28) Accordingly, the precipitation of the nano-QC phase within the glassy matrix can be achieved easily by controlling the annealing conditions. This, so far, has been established for the fabrication of QC/metallic-glass nanocomposites. 20, 21, 29, 30) Considering that nanocrystals can also be precipitated dynamically upon deformation in the alloys with x ¼ 5{17:5, we can expect the synergistic effect of nano-QC precipitation and the deformation-induced nanocrystallization for the improvement of mechanical property in the alloy system.
For the purpose of the above-stated effect, we prepared two kind of nano-QC-formed Zr 65 Al 7:5 Ni 10 Cu 7:5 Pd 10 BMGs under different annealing conditions of 680 K-360 s and 690 K-300 s. The volume fraction (V f ) of the QC phase was estimated to be 6 vol% (680 K-360 s) and 18 vol% (690 K-300 s) by evaluating the enthalpy of the first exothermic peak in the DSC curves. Figure 5 shows the results of TEM observation of the BMG with 6 vol% of the QC phase (680 K-360 s). The bright-field (BF) image (Fig. 5(a)) indicates the precipitation of particles $10 nm in diameter homogeneously distributed within the matrix. The HREM image shown in Fig. 5(b) also contains a fringe contrast region in the glassy maze contrast. Analyses by Fast-Fourier transform reveal a fivefold symmetry of the icosahedral structure for the particle (''X''-region) and a halo pattern for the matrix (''Y''-region), confirming the dispersion of nanoscale QC precipitates within the glassy phase. The engineering S-S curves of the annealed samples with V f of 6 and 18 vol% are shown in Fig. 6 . The yield strength and Young's modulus are 1620 MPa and 98 GPa, respectively, in the nano-QC-formed BMG with V f of 6 vol% with remaining plasticity (5.1%). The yield strength and Young's modulus clearly increase compared with those (1501 MPa and 85 GPa, respectively) of the as-cast BMG. In the BMG containing a larger amount of the QC phase (18 vol%), however, the increases in yield strength and Young's modulus (1740 MPa and 101 GPa, respectively) are accompanied by a drastic decrease in plastic strain (0.4%). The results obtained indicate that the improvement of mechanical strength and Young' modulus can be achieved without a significant loss of plasticity in the QC/glass-nanocomposite Zr-Al-Ni-Cu-Pd BMGs with the appropriate volume fraction of the QC phase.
Discussion
Investigation of synergistic effect of in-situ nano-QC
formation and deformation-induced nanocrystallization As described in 3.2, the as-cast Zr-Al-Ni-Cu-Pd BMGs exhibit significant plasticity, which originates from the suppression of shear band propagation by deformationinduced nanocrystallization. Therefore, we expect a similar effect for the nano-QC phase dispersed BMGs, when the volume fraction of the QC phase is not very high. In the present study, it is found that plasticity remains after quasicrystallization to the volume fraction of V f ¼ 6%, suggesting the occurrence of dynamic nanocrystallization. Actually, we can confirm a unique structure of a band-like pattern in addition to the dispersed particles, in the brightfield image of the fracture surface of the annealed sample after deformation, as shown in Fig. 7(a) . Since typical NBD patterns taken from the dispersed particles (within dashed circles in Fig. 7(a) ) are identified to have the twofold-like quasiperiodic symmetry of the icosahedral quasicrystalline phase, as displayed in Figs. 7(b) and (c), it is recognized that they are formed by annealing before deformation. Figure 7 (d) shows a magnified HREM image of the vicinity of the band boundary, denoted by the dashed rectangle in Fig. 7(a) . It is apparent that nanocrystalline (NC) particles $5 nm in diameter mostly occupy the dark region near the boundary, while a glassy structure is observed in the area far from it in the bright region in Fig. 7(a) . The image is consistent with those of the fracture surface of the as-cast ZrAl-Ni-Cu-Pd BMGs. The results lead to the conclusion that the structure of the band consists of a unique mixture phases with inhomogeneous NC dispersion at the boundary and with the nano-QC particles homogeneously distributed in the glassy matrix. On the basis of the previous discussion, it is inferred that the precipitated NC particles have an fcc-Zr 2 Ni structure.
4.2 Optimization of nano-QC/glassy structure for synergistic effect on mechanical properties From the results described above, we can identify two features in the structure of the deformed sample of Zr 65 Al 7:5 Ni 10 Cu 7:5 Pd 10 BMG: (1) nano-QC particles precipi- tated as a result of pre-annealing, and (2) nanocrystals (with fcc-Zr 2 Ni structure) induced during deformation. The two features contribute to the increase in strength and the maintenance of distinct plasticity, respectively. We have reported that the deformation-induced nanocrystallization that afforded the significant ductility is exhibited for a wide range of Pd concentration of x ¼ 5{17:5 in the Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x BMGs. Moreover, the plasticity is almost the same for all alloy compositions. In this section, we attempt to optimize the alloy composition and the QC precipitation to obtain high mechanical strength and good ductility. Figure 8 summarizes the change in the plastic strain (" pl ), yield strength ( y ) and Young's modulus (E) with the volume fraction of the QC phase in the Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x BMGs with Pd concentrations of x ¼ 5, 10 and 17.5. The significant increase in the yield strength from 1501 to 1740 MPa with increasing QC volume fraction (0 to 18 vol%) can be observed in the x ¼ 10 alloy. Other alloys also show an increase in y with increasing QC volume fraction to approximately 4 vol%, however, it is slightly less than that in the x ¼ 10 alloy and it is almost constant in the QC fraction over 6 vol%. The drop in plasticity upon QC precipitation takes place in all alloys, particularly the x ¼ 5 alloy, in which the plastic strain decreases drastically from 6.0 to 1.5% with QC precipitation to 6 vol%. Although the plasticity also drops to 3.2% with the QC volume fraction of 5 vol% in the x ¼ 17:5 alloy, the rate of drop is lower than that in the x ¼ 5 alloy. In contrast, it is noted that the plastic strain considerably maintains at 5% in the x ¼ 10 alloy with a QC volume fraction less than 6 vol%. The change in Young's modulus shows a similar tendency in all alloys, indicating that it increases with QC precipitation.
Considering that the QC phase is hard and brittle, the mechanical properties of BMG strongly depend on the size as well as the volume fraction (or number) of the QC particles. Generally, the volume fraction and size of QCs should be kept low and small, respectively, to avoid a drastic drop in plasticity. In the present results, we found that a synergistic effect by nano-QC precipitation upon static annealing and deformation-induced dynamic nanocrystallization to obtain high strength and good plasticity is achieved by optimizing the alloy composition (10 at% Pd) and volume fraction of QC (less than 6%) in the Zr 65 Fig. 5 . On the basis of this investigation, the Pd content of 10 at% is found to be effective for retaining plasticity via the precipitation of fine QC particles, which results in the restraint of the concentration of applied stress during deformation as well as a brittle transition owing to quasicrystallization. The present results also indicate that excess precipitation of the QC phase over 6 vol% leads to a loss of ductility, even if the grain size is fine. The details of the reason for the loss of plasticity in the alloy with the highest Pd content (17.5%) with the low QC fraction of 5 vol% are not cleared, however, it is speculated that shear band propagation, which contributes to dynamic nanocrystallization, becomes difficult because of the excess number of QC fine particles based on the highest nucleation rate in the alloy system. Even in this case, significant plasticity over 3% can be obtained when the QC volume fraction is less than 5 vol%. The mechanical properties of the present alloys and some of previously reported nano-QC/glass composites are summarized in Table 2 . 20, 21, 29, 30, 32) The yield strength in this work is almost the same or slightly lower than those of other QC/ glass composites with a high QC volume fraction, while the plastic strain is much improved compared with those in the previous studies. Considering that all the previous QC/glass composites with high QC volume fraction exhibit poor plasticity of less than 1% plastic strain and that little is known about the method of the improvement of plasticity in these QC/glass composites, the present results can be noted from the viewpoint of proposing new ductile BMG nanocomposites. We can, therefore, conclude that the optimization of the composition and structure in order to induce a combination of two effects of in-situ homogeneous nano-QC 
Conclusions
We have investigated the material design tailoring of the synergistic effect of in-situ homogeneous nano-QC formation and deformation-induced inhomogeneous nanocrystallization on mechanical strength and ductility in the Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x BMGs. The as-cast Zr 65 Al 7:5 -Ni 10 Cu 17:5Àx Pd x (x ¼ 5{17:5) BMGs exhibit significant plasticity, owing to the deformation-induced dynamic nanocrystallization. We suggest that an inhomogeneous nanoscale dynamic transformation occurs as a result of local heating or a change in CSRO during shear band propagation in Pdcontaining BMGs, leading to the precipitation of nanocrystals in a band-like arrangement. It is also correlated with the lower stability of the supercooled liquid state in the alloys. The yield strength and Young's modulus increase in the nano-QC-formed Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x (x ¼ 5{17:5) BMGs prepared by static annealing. In particular, the Zr 65 Al 7:5 Ni 10 Cu 7:5 Pd 10 BMG shows a significant increase in those properties. The drop of plasticity with nano-QC precipitation is observed in all alloys. However, it is noted that the plastic strain essentially remains at approximately 5% in the alloy with 10 at% Pd and the QC volume fraction of less than 6%. The results indicate that the improvement of mechanical strength without a loss of significant plasticity can be achieved by optimizing the alloy composition and controlling the nanostructure in the present Pd-containing alloys with a low volume fraction of the QC phase. Such good mechanical properties originate from the combination of two different features of the nanostructure in BMGs through static and dynamic control. Finally, the present method is recognized to be a new technique for the production of BMGs with high strength and good ductility.
